Objective. Pain remains a critical medical challenge. Current treatments target nociception without addressing affective symptoms. Medically intractable pain is sometimes treated with cingulotomy or deep brain stimulation to increase tolerance of pain-related distress. Transcranial direct current stimulation (tDCS) may noninvasively modulate cortical areas related to sensation and pain representations. The present study aimed to test the hypothesis that cathodal ("inhibitory") stimulation targeting left dorsal anterior cingulate cortex (dACC) would increase tolerance to distress from acute painful stimuli vs anodal stimulation.
Introduction
The costs of treating chronic pain may exceed those of treating coronary artery disease, cancer, and AIDScombined [1] . Existing treatments primarily target nociception, often via pharmaceutical agents such as opioids, nonsteroidal anti-inflammatory drugs, and membrane stabilizers. These treatments suffer from poor or temporary efficacy as well as serious side effects including drug dependence and gastrointestinal damage. Chronic opiate use may, in fact, reduce pain tolerance-a phenomenon known as opioid-induced hyperalgesia. This phenomenon has been suggested by two recent prospective studies in chronic pain patients [2, 3] ; however, other studies have shown conflicting results [4] in this growing area of research. Psychiatric sequelae of chronic pain include a maladaptive "vicious cycle" of avoidance [5] that may lead to depression and anxiety, both of which can be debilitating even in the absence of a pain syndrome. Nonpharmacological treatments, such as cognitive behavior therapy, have been developed to address these sequelae [6] , but are under-utilized and difficult for the majority of pain patients to access.
There is growing evidence that the transition to chronic pain involves changes to cortical regions [7, 8] including anterior cingulate cortex [9] . This structure has one of the highest densities of opioid receptors in the brain, and these receptors have been implicated in chronic pain regulation [10] . For half a century, medically intractable pain has at times been treated with cingulotomy, the ablation of the anterior cingulate cortex [11] [12] [13] [14] , with recipients reporting increased tolerability of pain even though intensity did not necessarily decrease. A recent open-label case series targeting the same region with deep brain stimulation showed reduction in the affective component of chronic pain [15] , making the region an attractive target for neuromodulation.
Transcranial direct current stimulation (tDCS) is a noninvasive neuromodulation technique that alters cortical excitability via subthreshold modulation of neuronal resting membrane potentials by a constant weak electrical current [16] . Based on studies of motor cortex stimulation, anodal tDCS generally increases the excitability of underlying cortex, while cathodal stimulation generally decreases excitability [16, 17] . The technique is being widely explored for a variety of neuropsychiatric applications and has been used to target cortical areas associated with sensation [18] and higher-order representations of pain [19] . It is well-tolerated and generally considered safe in experimental settings; common side effects, such as tingling or itching sensations, skin redness, headache, or moderate fatigue, are generally transient and benign [16, 17] .
This study used tDCS targeting left dorsal anterior cingulate cortex (dACC), a component of brain circuits mediating learning in response to emotionally charged experiences, to attempt to increase pain-related emotional distress tolerance in healthy participants. We hypothesized that noninvasive stimulation would selectively modulate the affective component of pain. Distress tolerance was measured during three tasks: the cold pressor, the pressure algometer, and breath holding. We expected that cathodal tDCS targeting the left dACC would increase tolerance to distress from acute painful stimuli, relative to anodal stimulation. Simultaneously, we expected no change in nociception as assessed by a visual analog pain rating scale, demonstrating selective modulation of the affective component of pain.
Methods

Participants
We recruited 40 healthy participants who met the following inclusion criteria: at least 18 years of age, naive to tDCS, fluent in English, and right-handed (the latter to eliminate potential confounds in task performance due to handedness). The study protocol was approved by the Butler Hospital Institutional Review Board. All participants provided written informed consent and were tested at the hospital, in a dedicated, quiet, and climate-controlled testing room. We used convenience sampling via paper and online advertisements and accepted participants of any racial or ethnic group and of either sex. Participants were compensated for their time.
Potential participants were screened via a semistructured interview using the Structured Clinical Interview for DSM-IV-TR (SCID) Research Version [20] . We excluded individuals with current Axis I psychiatric disorders or current pain. We also excluded individuals with conditions that could possibly increase tDCS-associated risks, such as use of psychotropic medications, seizure disorder, a previous history of skull trauma or intracranial surgery, presence of metal in the cranial cavity, pacemakers or other implanted medical hardware, or pregnancy. For individuals successfully screened into the study, we requested no caffeine or nicotine use within three hours of starting the experiment to minimize any confounding effects of these substances on cognitive performance.
Study Setting
To maximize subject recruitment and retention, all testing occurred on a single day. The study used a withinsubjects design, consisting of two 20-minute blocks separated by a 90-minute rest interval (Figure 1 ). Three pain distress tolerance tasks were administered during active tDCS. The rest interval was included because tDCS-associated effects can persist up to 90 minutes after stimulation ends [21] . All testing was performed by a trained member of the research staff under the supervision of the investigators. The same individual conducted both testing blocks. When available, a second trained member of the research staff was present to assist with tDCS setup and data recording. For each tDCS Effects on Pain Distress Tolerance participant, stimulation targeted left dACC. One electrode was placed at FC1 on the 10-20 electroencephalography system, as used in prior studies targeting the left (pre) supplementary motor area, a structure overlying the left dACC [22] [23] [24] . A reference electrode was placed over the contralateral mastoid process. Prior to stimulation, impedance of the electrode-to-scalp interface was checked with the stimulator to ensure that it remained at or below a predetermined safety cutoff level. Each participant received anodal stimulation targeting left dACC one block and cathodal stimulation targeting left dACC the other block; the order of stimulation polarity was randomized and counterbalanced. Participants were blinded to stimulation polarity; experimenters were not. For all participants, tDCS stimulation amplitude was ramped up to 2 mA over 30 seconds and then maintained. Current was lowered only in the event of poor tolerability. Active stimulation was delivered in both testing blocks, as has often been used in studies of cognitive effects of tDCS. This within-participants design was chosen for two reasons: the potential difficulty of maintaining blinding with tDCS at a 2 mA stimulation amplitude [25] and to examine polarity-dependent neuromodulation targeting dACC with tDCS.
Transcranial Direct Current Stimulation
During each testing block (Figure 1) , tDCS was applied to the scalp over the target using a battery-powered Soterix 1X1 tDCS device ( Figure 2 ; Soterix Medical, New York, NY). This single-channel device has one stimulating and one reference electrode. The device delivers a maximum of 2 mA of direct current stimulation for no more than 20 minutes. Stimulation was applied with carbon-rubber electrodes enclosed in disposable 3 3 5 cm sponge pockets. The sponges were saturated in normal saline (0.9% NaCl) and affixed to the head with a rubber headband adjusted to fit snugly but without discomfort. To enhance the connection, standard conductive gel (Microlyte, Coulbourn Instruments, Whitehall, PA) was applied between the scalp and the Figure 1 Diagram of experimental protocol. The two testing blocks were separated by a 90-minute rest interval. The polarity of tDCS received during Block 1 was randomized and counterbalanced; the opposite polarity of tDCS was delivered during Block 2. Within each testing block, there was a seven-minute acclimation period to tDCS (see text) followed by the three experimental tasks: cold pressor, pressure algometer, and breath holding. The order in which the tasks were presented was randomized and counterbalanced. The "DVPRS" labels indicate when DVPRS pain ratings were obtained over the course of the experiment. sponge pocket. We started tDCS 7 minutes before the first experimental task for participant acclimation; this was 2 to 3 minutes longer than similar studies demonstrating tDCS-associated effects on cognitive task performance [26, 27] .
Tasks
Pain intensity was rated with the validated and selfrated Defense and Veterans Pain Rating Scale (DVPRS), an 11-point numerical visual analog scale developed by the Office of the Army Surgeon General Pain Management Task Force [28] . A score of 0 indicates no pain and 10 indicates the most severe pain. Baseline ratings were obtained during each testing block immediately after the 7-minute tDCS acclimation period but before administering the first pain distress tolerance task. Additional DVPRS ratings were obtained immediately after each of the three pain distress tolerance tasks described below. For these tasks, threshold was defined as the time elapsed (in seconds) from task onset to when the participant first reported pain, and tolerance was defined as time elapsed from task onset to when the participant ended the task [29, 30] .
The pain distress tolerance tasks were administered during tDCS, with order of task presentation being randomized and counterbalanced. If the preprogrammed 20 minutes of tDCS elapsed before all tasks in a testing block concluded, those tasks were completed as if the tDCS were still active (i.e., electrodes remained on the participant's head until conclusion of all tasks in a testing block). The cold pressor task [31] involved immersing the participant's dominant (right) hand and arm in a container of ice water. Our apparatus was comprised of an insulated cooler, inside of which was placed an open-topped wire mesh cylinder 16 cm diameter by 30 cm tall. The area outside of the mesh was filled with crushed ice. The cooler was then filled with water. Temperature was closely monitored inside the mesh cylinder until it equilibrated to a temperature of 33 6 1 8F. The researcher measured (1) time elapsed until the participant reported that the sensation was painful (defined as pain threshold) and (2) total time elapsed until the participant reported that their distress was no longer bearable (defined as pain tolerance). The participant was free to remove his or her hand at any time. The task had a 5-minute safety limit after which time the participant was asked to remove his or her hand from the ice water bath and a pain tolerance time of 300 seconds was recorded. The pressure algometer apparatus was used to apply a fixed amount of nonharmful pressure to the index finger of the nondominant (left) hand between the proximal and distal interphalangeal joints, following a previously described experimental design [32] . This custom apparatus is constructed from a 37-cm long hinge. The final 5 cm are bent at a 90 degree angle to create a blunted tip approximately 1.5 mm by 5.0 mm that rests on the finger. A stack of washers bolted to the hinge produces a downward force of 7.6 N at the finger, causing a sensation akin to a dull butter knife that intensifies with time but does not cause tissue damage; it is equally effective with the dominant and nondominant hand [30] . The researcher similarly measured time elapsed until (1) the sensation became painful (threshold) and (2) the sensation became so uncomfortable that the participant wanted it off of the finger (tolerance). This task also had a 5-minute safety limit. The same apparatus was used to test all participants. In the breath holding task [33, 34] , participants were asked to take a deep breath and hold it as long as possible.
Data Analysis
For pain intensity ratings, the difference between the post-task DVPRS and baseline DVPRS ratings was calculated for each pain distress tolerance task for each participant. This difference was used for statistical analyses.
For the cold pressor and pressure algometer tasks, endurance was calculated as the difference between threshold and tolerance [29, 30] . It is a measure of how much longer a participant can continue a task after considering it painful. There was no measure of endurance for the breath holding task because participants were not asked to report pain during breath holding.
Statistical analysis included mixed ANOVA and t-tests, common for the psychological tasks used [29] [30] [31] [32] [35] [36] [37] [38] , as well as Shapiro-Wilk tests of dataset normality. These analyses were performed with R 3.0.0 (http://www.r-project.org/) using the open-source RKWard 0.6.1 graphical user interface and the rk.anova 0.01-17 plug-in (http://rkward.sourceforge.net). Analyses were confirmed with SPSS 21.0 (IBM, New York, NY). Stimulation polarity was a within-subjects factor and stimulation order (cathodal-first vs anodal-first) was a between-subjects factor. The significance level was set at the usual P < 0.05, two-tailed. For the cold pressor task specifically, an additional subanalysis was performed excluding subjects who achieved the 5-minute safety limit for both testing blocks.
Results
Demographically, participants had a mean age of 28.3 years (standard deviation 9.6, range 18-59) and a median age of 25 years. Seventeen participants (42.5%) were female.
Eight of 40 participants reported sensations of itching, tingling, or burning under the tDCS electrodes; one participant reported mild dizziness. In four of these, stimulation amplitude had to be reduced (from 2.0 to 1.1-1.8 mA) for some or all trials for tolerability (three had amplitude reduced during one testing block and one had it reduced for both blocks). In a fifth participant, adjusting the electrodes was sufficient. These sensations were consistent with those commonly reported for tDCS [16, 17] . For 12 of 240 tasks (5.0%) administered during tDCS Effects on Pain Distress Tolerance the study, the 20 minutes of tDCS passed before task conclusion.
Threshold
Mixed ANOVAs revealed no significant main or interaction effects of stimulation on cold pressor or pressure algometer threshold (all F(1,38) < 2.6, all P > 0.1).
Tolerance
A mixed ANOVA (Figure 3 ) revealed that mean cold pressor tolerance was higher with cathodal (97.8 seconds) vs anodal (82.2 seconds) stimulation, but the difference was not significant (F(1,38) 5 3.6, P 5 0.064). However, it was noted that five participants "maxed out" the cold pressor task by achieving the 5-minute safety limit for both testing blocks. When these participants were excluded from the analysis, the significance improved to P 5 0.055 (F(1,33) 5 3.9, cathodal mean 68.6 seconds, anodal mean 51.1 seconds). Although published studies using such psychological tasks typically use parametric statistics such as ANOVA that assume dataset normality [29] [30] [31] [32] [35] [36] [37] [38] , for rigor we performed the Shapiro-Wilk normality test, which suggested rejecting the null hypothesis that our data were normally distributed. We therefore reanalyzed the main effect of polarity on mean cold pressor tolerance for all participants with the nonparametric, paired, two-tailed, exact Wilcoxon signed-rank test, and obtained comparable results (W S 5 416, P 5 0.099).
Tolerance to the pressure algometer exhibited a significant stimulation order (cathodal-first vs anodal-first) 3 polarity interaction (F(1,38) 5 8.1, P 5 0.0071), indicating a strong order effect (irrespective of stimulation polarity) with overall shorter tolerance in the second testing block; this suggests task-related sensitization. There was no significant main effect of stimulation polarity for the pressure algometer (F(1,38) 5 0.056, P 5 0.81, cathodal mean 114.7 seconds, anodal mean 117.6 seconds) or breath holding (F(1,38) 5 1.8, P 5 0.19, cathodal mean 54.1 seconds, anodal mean 59.8 seconds). There were no other significant main or interaction effects for any task (all F(1,38) < 1.3, all P > 0.27).
Endurance
Mixed ANOVA for cold pressor endurance revealed no significant main or interaction effects (all F(1,38) < 1.9, all P > 0.17, cathodal mean 61.9 seconds, anodal mean 57.4 seconds). Pressure algometer endurance showed a significant stimulation order 3 polarity interaction (F(1,38) 5 8.5, P 5 0.0061), again demonstrating an order effect with overall shorter endurance in the second testing block, which suggests task-related sensitization. Pressure algometer endurance showed no other significant main effects (all F(1,38) < 0.21, all P > 0.65, cathodal mean 81.4 seconds, anodal mean 85.2 seconds). Removing the same five participants who "maxed out" the cold pressor task did not change the results.
Defense and Veterans Pain Rating Scale
Pain ratings rose from baseline values by (mean 6 standard deviation) 3.6 6 2.4 and 2.9 6 2.3 for the cold pressor and pressure algometer tasks, respectively, using paired samples t-tests (both t > 11, both P < 0.001), but not for breath holding (0.3 6 1.8, t 5 1.67, P 5 0.099). Mixed ANOVA revealed no statistically significant main effect of polarity on DVPRS difference (cold pressor F(1,38) 5 3.4, P 5 0.072; all other polarity and interaction effects: F(1,38) < 0.72, P > 0.4). The DVPRS rose less for cathodal (3.3 6 2.3) than anodal (3.9 6 2.5) cold pressor trials. Figure 3 Forty healthy volunteers received tDCS targeting left dACC in two testing blocks. Cathodal tDCS was delivered in one block and anodal in the other, assigned in randomized and counterbalanced fashion. During active tDCS, pain-related distress tolerance was assessed with the cold pressor, pressure algometer, and breath holding tasks. Mixed ANOVA revealed that mean cold pressor tolerance was higher with cathodal vs anodal stimulation, but the difference did not reach significance (F(1,38) 5 3.6, P 5 0.064). Stimulation polarity did not significantly affect tolerance to the pressure algometer (F(1,38) 5 0.056, P 5 0.81) or breath holding (F(1,38) 5 1.8, P 5 0.19). † However, if the five participants who "maxed out" the cold pressor task (see text) were excluded, significance improved to P 5 0.055 (F(1,33) 5 3.9). ‡ The stimulation order x polarity interaction was significant (F(1,38) 5 8.1, P 5 0.0071), suggesting task-related sensitization. Error bars represent 61 standard errors of the mean.
Discussion
This was a first study with the primary goal of using tDCS to attempt to modulate pain distress tolerance. Stimulation was generally well-tolerated by participants. Due to the preliminary nature of this pilot study, there were several limitations, and ultimately our results did not reach formal statistical significance. Nonetheless, the trends in our data were in the expected directions from our hypotheses. They suggest that noninvasive tDCS targeting midline cortical structures for pain neuromodulation warrants further investigation, ideally in the form of double-blinded clinical trials in chronic pain patients.
Cold pressor tolerance (total time in ice water bath) tended to be longer after cathodal tDCS targeting left dACC vs anodal tDCS targeting the same region, although this difference was not statistically significant. In contrast, performance on the pressure algometer and breath holding tasks did not differ between cathodal and anodal tDCS. We used a validated self-report, the DVPRS, to measure pain intensity. As expected, DVPRS ratings increased acutely after both the cold pressor and pressure algometer tasks, but not after breath holding. For the cold pressor, DVPRS pain ratings tended to rise less after cathodal vs anodal tDCS, although this also did not reach statistical significance. These pilot tDCS findings on acute reactions to painful tasks in healthy participants can be compared with prior neurosurgical outcomes in individuals with chronic pain. Early work with cingulotomy [11, 12] and recent work with anterior cingulate deep brain stimulation (DBS) [15] demonstrated that chronic pain patients felt less bothered by their pain even though pain intensity did not necessarily decrease following these invasive interventions.
Cingulotomy for intractable pain is performed bilaterally. In our study, unilateral left-sided dACC stimulation was chosen because of (1) limitations of the single-channel stimulator and (2) the fact that all participants were right-handed. Cold pressor testing was performed on the right hand and arm, contralateral to the hemisphere receiving tDCS. Pressure algometer testing was performed on the left hand (to eliminate confounding effects from a prior cold pressor trial to the same hand), and exhibited task-related sensitization. The contribution of laterality to the effects of brain stimulation on pain processing remains understudied. In rodents, a study of the antinociceptive effects of electrical stimulation of anterior cingulate cortex showed no effect of side of stimulation despite there being a significant main effect of stimulation [39] . Attempting to compare left-and right-sided dACC stimulation in the present pilot study would have complicated an already-complex design and reduced statistical power. Clearly, future studies of tDCS targeting dACC for pain must specifically investigate the role of stimulation laterality.
A limitation of our study was the focality of stimulation. By its nature, tDCS is nonfocal and volumes of cortex adjacent to dACC were most likely also affected by stimulation. It is therefore necessary to pair active tDCS with neuroimaging or experimentally validated field modeling before conclusively attributing any effects to neuromodulation only of dACC.
Another limitation was the comparison of two active stimulation conditions without a sham condition. This was again done to simplify an already-complex pilot study design, also avoiding blinding difficulties noted with a 2 mA stimulation amplitude [25] . We were also specifically interested in investigating polarity-dependent effects of tDCS targeting dACC. However, this design also precluded detection of any polarity-independent general effects of stimulation.
A further limitation was that our cold pressor apparatus did not use a water circulator as some other investigators have done [35, 40] . Rather, our apparatus used a cylindrical mesh screen to separate the ice from the rest of the water bath and prevent direct contact between the ice and participants' skin. Although we are confident that this design provided adequate temperature uniformity (as confirmed by our close monitoring of water temperature), the use of a temperature-controlled water circulator would likely have provided superior uniformity. Additionally, the cold pressor and pressure algometer tasks were terminated by the experimenters after 5 minutes if a participant had not yet stopped the task voluntarily. This limit was imposed for participant safety, but it also tended to underestimate the true tolerance of these participants, which would be expected to exceed the recorded value of 300 seconds. The subanalyses performed after removing these participants would concomitantly tend to bias the dataset toward lowertolerance individuals.
A potential concern with tDCS-particularly if contemplated as a chronic pain treatment-is the duration of effect once active stimulation ends. This study comprised only two sessions of tDCS given on the same day. However, a prior study of tDCS over motor cortex demonstrated increases in excitability that persisted for up to 90 minutes after stimulation ended [21] . Imaging studies have also demonstrated changes in cerebral blood flow (CBF) both during and after active tDCS [41, 42] . Interestingly, one study using functional near-infrared spectroscopy showed negligible effects after cathodal tDCS with bifrontal electrodes [41] while the other using whole-brain arterial spin labeling showed a decrease in CBF following both cathodal and anodal stimulation targeting left dorsolateral prefrontal cortex (DLPFC) [42] . This apparent discrepancy may be due to the different tDCS electrode montages used, as the electric field imposed on the cortex depends on electrode placement [43, 44] .
Several studies of anodal tDCS over motor cortex have demonstrated long-lasting reductions in various types of pain up to 12 weeks following multiple tDCS sessions [18, [45] [46] [47] [48] [49] [50] [51] . Whereas the effects of a single tDCS tDCS Effects on Pain Distress Tolerance session may be transient, those of multiple sessions seem to persist far longer. Thus, finding any difference after only two active tDCS sessions-at opposing polarities-is a strength of our study.
A final consideration is that the DVPRS scale includes facial representations of pain in addition to numerical, color, and text descriptions [28] . These ratings therefore likely capture some affective weight, which may explain why cold pressor DVPRS tended to rise less with cathodal vs anodal stimulation-similar to how cold pressor tolerance tended to increase with cathodal tDCS. In future clinical practice, strictly separating the perceptual and affective components of pain may not be feasible or desirable. However, dissociating these pain dimensions as best as possible will help reveal the underlying neural circuitry of chronic pain and identify ideal cortical targets for neuromodulation.
Conclusions
Chronic pain is an entity that remains poorly understood and inadequately treated. Our results suggest that cathodal tDCS (thought to reduce cortical excitability) targeting left dACC may increase pain distress tolerance in the cold pressor task. These results follow those of prior studies utilizing cingulotomy and DBS for treating pain. Our results remain preliminary in nature; subsequent studies investigating laterality effects and involving neuroimaging, field modeling, and chronic pain populations are necessary to refine our understanding of the underlying neural circuitry and to measure clinical efficacy. Stimulation of other identified cortical targets associated with affective or attentional aspects of pain is also an important next step.
